A new physics-based dc model for a heterojunction bipolar transistor (HBT) has been developed. This model offers features not found in previous analytical or physics-based HBT models, such as consideration of a cylindrical emitter-base geometry and direct implementation into SPICE (Simulation Program with Integrated Circuit Emphasis). The model parameters are determined from a knowledge of the device material, geometry, and fabrication process. The HBT model is developed by using semiconductor physics to calculate modified parameters for the existing SPICE bipolar junction transistor (BJT) model. Model generated data was obtained via a SPICE dc simulation for devices with different geometries and doping profiles. The resulting current-voltage characteristics were compared to the corresponding measured curves and excellent agreement was obtained. The model predicted the device's performance over its entire dc range of operation to within f 5%. Although a few of the model parameters were determined empirically, the physical nature of the model provides insight into new device designs by directly relating the material, geometry, and process specifications to the model parameters.
I. INTRODUCTION
The design and fabrication of heterojunction bipolar transistors (HBTs) has received increased attention in recent years. The interest is due primarily to the significant performance improvement that can be obtained from HBTs compared to traditional bipolar junction transistors (BJTs).
The most technologically mat.ure HBTs are fabricated from A1,Gal-zAs/GaAs, although other 111-V compounds have been used. Higher speed devices with greater efficiency are the most notable advantages offered by HBTs. The HBT is an attractive device for highperformance military and commercial integrated circuits (ICs).
Simulation is crucial to the cost-effective design and fabrication of integrated circuits. Several authors have developed physics-based [1]-[4] and empirically curve fit [5]-[7]
HBT models. Minimizing, or even eliminating curve fit parameters provides more insight into device and IC design. Moreover, by modifying the existing SPICE BJT model parameters, circuits can be designed with HBTs without procuring additional computer-aided design (CAD) tools or software updates. A methodology to determine physics-based HBT model parameters for implementation in the widely-accepted IC simulator, SPICE, is reported in this paper.
ASSUMPTIONS
This paper considers Al,Gal-,As/GaAs HBTs and the corresponding material parameters and expressions that are unique to Al,Gal_,As/GaAs semiconductors. Most HBTs are fabricated from these materials; however, the proposed methodology is applicable to other materials if the material constants are known. The approach further assumes the following: 1) The model can be represented by the dc SPICE BJT equival.ent circuit topology. 2) Carrier transport across the base-emitter heterojunction is character-ized by drift-diffusion and not by thermionic emission. 3) Standard, non-degenerate Boltzmann statistics apply. (Despite the fact that the GaAs base of a typical HBT may be degenerately doped, this assumption is made as a starting point. If the Boltzmann approximation is suspected to hinder model accuracy, then this assumption can be reconsidered). 4) There is uniform doping in the emitter, base, collector, and subcollector regions (i.e., no built-in drift fields). 5) Carrier mobility in AlGaAs can be sufficiently approximated by using the empirical mobility expressions for GaAs. 6) The base-emitter junction and contacts have a cylindrical geometry (i.e., emitter dots as compared to the typical emitter stripes). The proposed model does not include the effects of temperature, and assumes device temperature is constant at 300 K. This assumption is generally valid for low collector current density. At high collector current densities, a departure of the model data from the measured data due to device self-heating is expected, and will be readily identifiable. In a junction transistor, all significant effects are one-dimensional; thus, the model will be one-dimensional.
The model's simplicity is demonstrated through direct implementation in SPICE. The equivalent circuit model parameters are calculated using semiconductor physics and a knowledge of: a) material properties and related expressions, such as carrier mobility, lifetime, intrinsic carrier concentration, bandgap, and permittivity, b) device geometry, such as junction area and configuration of contacts, and c) process parameters, such as doping profile, A1 mole fraction, and layer thicknesses.
Mathcad 3.1 181 software was used to solve the semiconductor physics equations determining the SPICE model parameters, which were directly included in the SPICE BJT model statement. The version of SPICE used to simulate the developed model is Meta-Software's HSPICE version H92 [9] . Axum 3.0 [lo] data analysis package was used to compare the measured and modeled data.
DC MODEL DEVELOPMENT
The classic Ebers-Moll model [ll] for a junction transistor can be regarded as two back-to-back diodes. The SPICE BJT model expands upon the basic Ebers-Moll model by adding resistors, capacitors and diodes. Recombination currents, which can be significant in HBTs, are not accounted for in the basic Ebers-Moll model. These recombination currents are components of the base current, ZB, and are primarily the surface, space charge region (SCR), and neutral base recombination currents. A composite recombination current, which is dependent on the junction voltage, can be modeled with a non-ideal diode (represented analytically by a non-unity emission coefficient). In order to model the behavior of the transistor in all modes of operation accurately, a recombination current diode is needed for each junction. The complete dc equivalent circuit is shown in 
is a different pe value for contacts to n-type and ptype semiconductors: pcn = 1 x 10-6R.cm2 and p e p = 5 x 10-6R.cm2. Au was used to contact the emitter semiconductor, Au/Ge/Ni was used to contact the collector, and Ti/Pt/Au was used to contact the base semiconductor.
IV. RESULTS AND DISCUSSION
After determining the device's physical characteristics solely from its material, geometry and fabrication process, SPICE model parameters were calculated to accurately predict the device's electrical performance. The dc steady-state model is fully characterized by the topology of Fig. (6) and (7), which are the HSPICE expressions for the collector 1 and by Eqs.
The comparison between modeled and measured common-emitter I-V characteristics for the 3pldlf device is shown in Figs. 4 and 5. The set of HSPICE parameters used to generate the model data of Figs. 4 and 5 is shown in Table 2 . In the devices investigated in this research the base-collector junction is a homojunction, and thus N R was assumed to be close to unity. Although HSPICE was not used to optimize any model parameters, B R and N F were manually fit to best match the measured data. First, B R was chosen small enough to provide very good agreement in the reverse active region. Next, N F was chosen to best match the data in the saturation region and at the offset voltage.
The 3pldlf device has very good agreement in the forward and reverse active regions. The slight discrepancies in the saturation region may be related to the bias dependence of Rc. Increasing Rc will decrease the slope of each I-V curve. However, HSPICE does not consider that the actual value of Rc changes with V B~C , .
To do this, HSPICE would require information on the doping and thickness of the collector layer. Instead, HSPICE regards Rc as a constant.
Thus, the slopes of all the curves change by the same amount when Rc is changed (i.e., independent of bias). Carrier recombination is another phenomenon that effects the slopes of the curves in saturation, but only at low bias. If a sufficient number of data points were recorded, the measured curves for the few lowest I B values would show a distinctly lower slope than the corresponding modeled curves. This is due to recombination hindering a faster rise in IC at the lower bias levels. Such bias dependence is not modeled by the constant empirical B F ; therefore, the modeled curves have steeper, bias insensitive slopes. Another bias dependence not accounted for with the constant empirical BF is that of the offset voltage. The offset voltage of the modeled curves increases with increasing bias. The proper relationship has offset voltage inversely proportional to bias [5] .
The same modeling procedure was performed on the 3p5dlf device. The resulting I-V characteristics are shown in Figs. 6 and 7, and the model parameters are listed in Table 3 . Because the emitter dot diameter is the same for both the one dot and five dot devices, RE and RB for the 3p5dlf device are exactly one fifth of the respective 3pldlf values. This is because each of the dots are in parallel. Rc has a more complex geometry dependence, but is approximately one fifth of the 3pldlf value for the same reason. The 3p5dlf saturation current is larger than the value calculated for the 3pldlf device primarily due to the larger junction areas.
The effects of device self-heating are readily seen in the highest four curves at VCE 2 3 V. In fact, the top curve ( I B = 500pA) is effected almost immediately after entering the forward active region. Like the 3pldlf device, the 3p5dlf device model slightly overestimates the active region collector current for the lowest four curves (50 pA 5 IB 5 200pA). This is due to the model having a constant B F that was chosen to match the near constant empirical current gain of the highest six curves (250 pA 5 IB 5 500pA).
Overall, the physics-based models for the 3p1dlf and 3p5dlf devices provide very good correlation with the measured data. The 3pldlf model overestimates IC by less than 4% in the reverse active region, (0-0.1 V). Excellent agreement is obtained in the forward active region (1-2 V) with a difference of less than 5%. The overestimation at the two highest VCE values (3 and 4 V) is due to transistor self-heating which reduces the measured IC values. The 3p5dlf de model performs just as well as the 3pldlf model. In the reverse active region (0-0.1 V), the model overestimates IC an average of less than 5%. Excellent correlation is obtained in the forward active region (1-2 V) with an average difference of about 5%. As with the 3pldlf device, the 7% average difference at 3 and 4 V can be attributed to transistor self-heating.
b) 2p6d2f Device Results
Accurate physics-based modelling of a nonconstant current gain transistor is a difficult task primarily because the I-V curves are highly sensitive to N E and N C . The default values of I S E and ISC in SPICE are zero. This means that unless values of I S E and ISC in the range of to A are put in the model card, no recombination current will be modeled. Since the forward common-emitter current gain of the 2p6d2f device was not constant, unlike for the 3pldlf and 3p5dlf devices, the recombination currents had to be considered [13] .
To develop a robust dc model for the 2p6d2f device, the optimization function of HSPICE was used to curve-fit the measured data and simultaneously
determine values for N F , N E , N C , I S E , and ISC.
Measured data points that deviated noticeably from the constant IC line due to device self-heating were not included in the optimization so as not to confuse HSPICE or corrupt the temperature independence of the model. The I-V characteristics for the 2p6d2f device model that considers the bias dependence of recombination using N E , N C , I S E , and ISC are shown in Figs. 8 and 9 . The corresponding model parameters are listed in Table 4 . Notice that I S is several orders of magnitude smaller than either I S E or ISC. This is expected since the recombination saturation currents are significant in most HBTs.
Notice in Fig. 9 that the modeled curves show a decreasing offset voltage with increasing 1,. Since the recombination currents have less impact with increasing bias, the base-emitter junction is able to turn-on more quickly, hence lowering offset voltages. The modeled offset voltage has not only the proper bias dependence, but the modeled and measured offset voltages are nearly identical for each curve. This distinct improvement over the 3pldlf and 3p5dlf models is directly attributed to modeling the bias dependence of recombination with N E , N C , I S E , and ISC.
The agreement in the forward active region (1-2 V) is excellent due to the curve fitting of measured data to extract the three emission coefficients and recombination saturation currents: N F , N E , N C , I S E , and I S C . The slight disagreement of the model through saturation (0.2 5 VCE 5 0.7V) is indicative of the difficulty in precisely matching the variable saturation slope due to the bias dependence of R c . Excellent agreement is obtained as the model leaves the saturation region and begins to enter the active region (0.8 and 0.9 v ) with an average difference in collector current of less than 5%.
Unfortunately, there is no good way to calculate the HSPICE BJT model emission coefficients ( N F , N E , N C ) physically. These three values which are so crucial to the ultimate fit of the model can only be determined via parameter extraction. The dc models derived in this paper are physics-based, with the exception of B F , N F , N E , N C , I S E , and ISC. The series resistances ( R B , R c , and R E ) and transport saturation current ( I S ) are determined only from a knowledge of the device material, geometry, and fabrication process. Aside from the agreement in saturation (which can be imputed to the bias dependence of Rc and recombination), the 3pldlf and 3p5dlf models fall within the f5% difference criterion for model success. This level of performance is at least as good as models found in current literature [1, 2, 4, 5] . The 2p6d2f model has good agreement in the reverse active region, good agreement in the saturation region, and excellent agreement in the forward active region (neglecting differences due to self-heating). Additionally, the models have proven to support a cylindrical emitter-base geometry, and are readily implemented in SPICE.
V. CONCLUSION
The objective of the research presented in this paper was to derive a physics-based model for an HBT that would accurately predict the device's dc electrical behavior. A model that considers a cylindrical emitterbase geometry was directly implemented into SPICE. Using semiconductor physics, the device model parameters were determined from a knowledge of the device material, geometry, and fabrication process.
A Mathcad file was written, which calculates all of the necessary SPICE BJT model parameters required to model an HBT accurately. The dc model was successful at producing data that was within f 5 % of the measured data. Various integrated circuit components can now be designed using the developed physics-based SPICE HBT model. Although a few of the model parameters were determined empirically, the physical nature of the model provides insight into new device designs, by directly relating the material, geometry, and process specifications to the model parameters. IB swept in 100 pA increments. 
